Cyanothece sp. strain ATCC 51142 is a unicellular, diazotrophic cyanobacterium which demonstrated extensive metabolic periodicities of photosynthesis, respiration, and nitrogen fixation when grown under N 2 -fixing conditions. N 2 fixation and respiration peaked at 24-h intervals early in the dark or subjective-dark period, whereas photosynthesis was approximately 12 h out of phase and peaked toward the end of the light or subjective-light phase. Gene regulation studies demonstrated that nitrogenase is carefully controlled at the transcriptional and posttranslational levels. Indeed, Cyanothece sp. strain ATCC 51142 has developed an expensive mode of regulation, such that nitrogenase was synthesized and degraded each day. These patterns were seen when cells were grown under either light-dark or continuous-light conditions. Nitrogenase mRNA was synthesized from the nifHDK operon during the first 4 h of the dark period under light-dark conditions or during the first 6 h of the subjective-dark period when grown in continuous light. The nitrogenase NifH and NifDK subunits reached a maximum level at 4 to 10 h in the dark or subjective-dark periods and were shown by Western blotting and electron microscopy immunocytochemistry to be thoroughly degraded toward the end of the dark periods. An exception is the NifDK protein (MoFe-protein), which appeared not to be completely degraded under continuous-light conditions. We hypothesize that cellular O 2 levels were kept low by decreasing photosynthesis and by increasing respiration in the early dark or subjective-dark periods to permit nitrogenase activity. The subsequent increase in O 2 levels resulted in nitrogenase damage and eventual degradation.
During nitrogen (N 2 ) fixation, the enzyme nitrogenase catalyzes the reduction of atmospheric N 2 to ammonia. This energetically demanding process requires reducing power and approximately 16 ATPs per fixed N 2 (13, 44) . Nitrogenase is notorious for its oxygen (O 2 ) sensitivity. Both of the nitrogenase components, the Fe-protein and the MoFe-protein, are quickly inactivated upon exposure to O 2 (8, 49) , and both subunits are known to be inactivated in vivo and in vitro (17) . Therefore, the cellular concentration and the activity of the nitrogenase enzyme are carefully monitored and strictly regulated at the transcriptional and/or posttranslational level, phenomena well documented for many nitrogen-fixing organisms (i.e., Klebsiella sp., Anabaena sp., and Azotobacter sp.) (9, 13) .
A very diverse group of microorganisms, such as cyanobacteria, photosynthetic bacteria, and symbiotic and free-living bacteria, are capable of fixing N 2 (diazotrophy) (11, 60) . Cyanobacteria are unique within this group since they are the only diazotrophs with the ability to conduct the two processes of O 2 -evolving photosynthesis and O 2 -sensitive N 2 fixation within the same cell. Therefore, these N 2 -fixing microorganisms have developed sophisticated strategies to protect nitrogenase from ambient O 2 as well as from photosynthetically generated O 2 . Although there is not a universal protection mechanism, cyanobacteria combine several strategies, including avoidance, physical barriers to O 2 diffusion, high rates of respiration, and spatial and temporal separation of N 2 fixation and photosynthesis, to protect nitrogenase from O 2 inactivation (9, 11, 13, 57) .
Nitrogen fixation has been found in all morphological groups of cyanobacteria: filamentous heterocystous (e.g., Anabaena sp. and Nostoc sp.), filamentous nonheterocystous (e.g., Trichodesmium sp., Oscillatoria sp., and Plectonema sp.), and unicellular (e.g., Gloeothece sp. and Synechococcus sp.) (9, 16, 53) . Anabaena sp. fix N 2 aerobically by restricting the activities of N 2 fixation and photosynthesis to the heterocyst and vegetative cell, respectively (spatial separation) (16, 58) . In addition, low intracellular levels of O 2 are maintained by high rates of respiration and by using the heterocyst envelope as a barrier to O 2 diffusion. Other cyanobacteria, such as Plectonema sp. and Synechococcus sp. strain SF1, fix N 2 only under microaerobic conditions (51, 55) .
Interestingly, some unicellular cyanobacteria are capable of aerobic N 2 fixation. The most studied strains are represented by Gloeothece sp., Synechococcus sp. strain RF1, and Synechococcus sp. strains Miami BG 43511 and Miami BG 43522 (18, 36, 59) . Temporal separation of N 2 fixation and photosynthesis have been shown in these strains when grown under 12-h light-12-h dark periods (LD conditions) (36, 39, 45) . Under these conditions, cyclic nitrogenase and photosynthetic activities, which are restricted to the dark and light phases, respectively, were observed (19, 25) . Studies with Gloeothece sp. and Synechococcus sp. strains Miami BG 43511 and Miami BG 43522 indicated that the cyclic buildup and breakdown of carbohydrate along with high rates of respiration provided reductant and energy to drive N 2 fixation in the dark (12, 32, 37) . In addition, respiration may protect nitrogenase from O 2 inactivation (10, 14) .
It has been shown that the cyclic pattern of nitrogenase activity reported in LD-grown cultures of Gloeothece sp. and Synechococcus sp. strain RF1 was under transcriptional and posttranslational regulation (4, 5, 12, 20, 21) . In Synechococcus sp. strain RF1, Northern blot analysis resulted in the identification of nitrogenase-specific transcripts only during the dark phase of the diurnal regimen (4, 20) . In addition, two distinctive forms of the Fe-protein were immunodetected only on samples from the dark period. Chow and Tabita (4) suggested that the high-molecular-weight form corresponds to a posttranslationally modified Fe-protein which is inactive and may be targeted to be rapidly degraded. Two forms of the Feprotein have also been identified in light-dark grown cultures of Gloeothece sp. (5), but neither the molecular signal nor the type of modification has been described for either case.
Cyanothece sp. strain ATCC 51142 (formerly BH68) is a unicellular cyanobacterium capable of fixing N 2 under aerobic conditions (42, 48) . This strain was isolated and characterized by our laboratory with the major goal of developing a suitable experimental system with which to study the interrelationship between N 2 fixation and oxygenic photosynthesis in a unicellular cyanobacterium. The Cyanothece sp. fixes N 2 cyclically when grown under LD conditions (42, 48) . During the diurnal regimen, rhythmic nitrogenase activity is restricted to the dark phase and peaks approximately every 24 h. Cycles of the intracellular concentration of carbohydrate have also been reported, with maxima every 24 h just before the peak of N 2 fixation (48) . A similar pattern of cycling of these metabolic activities is observed in continuous-light (CL)-grown cultures.
(The terms subjective-light phase and subjective-dark phase are used in CL studies to identify the periods that correspond to the light and dark phases in LD growth.) This is a unique feature of Cyanothece sp., since these cultures were not previously synchronized by any specific light or dark pattern.
In this work, we have studied the temporal relationship between the metabolic activities of N 2 fixation, photosynthesis, and respiration of Cyanothece sp. cultures grown under LD and CL conditions. We also determined that the cyclic nitrogenase activity was modulated at the mRNA and protein levels. Our results demonstrated that under both light regimens (i) all three metabolic activities cycle, with an approximately 24-h periodicity; (ii) N 2 fixation and photosynthesis are temporally separated, and respiration occurred at high rates during the peak of N 2 fixation; and (iii) nitrogenase activity is strictly regulated at the transcriptional and posttranslational levels in LD-or CL-grown cultures.
MATERIALS AND METHODS
Growth conditions. Cyanothece sp. strain ATCC 51142 (Cyanothece sp. strain BH68) was cultured at 30°C in a modified minimal salt medium (ASP2) with or without 1.5 g of NaNO 3 per liter (42 . The cell density of the cultures was determined by the use of a Coulter Counter (Coulter Electronics Inc., Hialeah, Fla.). The 100-ml cultures were used as inocula for the 500-ml cultures which were used for physiology experiments and as inocula for the 15-liter carboys.
The experimental design described by Schneegurt et al. (48) was used to monitor the metabolic activities of N 2 fixation, O 2 photoevolution, and respiration over a 24-h cycle for several consecutive days. The day before the experiment, two experimental cultures were inoculated 12 h apart at a cell density of approximately 10 6 cells ml Ϫ1 , using a stationary culture with a cell density ranging between 2.6 ϫ 10 7 and 5.9 ϫ 10 7 cells ml Ϫ1 . Physiology experiments were done under two different light regimens, CL and LD. Cultures were submitted to alternating light-dark cycles by covering them with layers of dark cloth after 12 h of light.
Nitrogenase activity. Nitrogenase activity was assayed by a modified acetylene reduction method (42, 48, 54) . Acetylene was generated from calcium carbide (Aldrich Chemical Co., Milwaukee, Wis.). Assays were performed in Vacutainer tubes containing 2.0 ml of the corresponding cell sample and 15% acetylene (2.2 ml) in the gas phase. Each sample was incubated for 1 h under conditions of light, temperature, and shaking similar to those of the mother cultures. The reactions were stopped by adding 0.2 ml of 5 M NaOH. A 0.2-ml gas sample was analyzed for its ethylene concentration by gas chromatography (Hewlett-Packard [Naperville, Ill.] 5890 series II gas chromatograph) with a 6-ft Poropak N column and a flame ionization detector. Gas flow rates of 40 lb of nitrogen, 20 lb of hydrogen, and 35 lb of air per in 2 per min were used. The temperatures of the column and injector port were set at 100°C. Duplicate samples were analyzed for each time point and corrected for the small amount of ethylene present during the assay. To calculate the amount of N 2 reduced, the peak area values for each peak in the chromatograph were divided by the calculated conversion factor of 13,736.77, resulting in nanomoles of N 2 reduced per hour (for assay mixtures incubated for 1 h) and normalized by calculating the number of cells in 2 ml of culture. This conversion factor is different from that used in our previous study (48) ; the rates of nitrogenase activity are reported in nanomoles of N 2 reduced/10 8 cells/hour. Determination of oxygen evolution and respiration rates. The photosynthetic and respiratory activities were determined by measuring the O 2 production and consumption, respectively, using a Clark electrode. Samples of different volumes, depending on cell density, were withdrawn from cultures every 2 h, centrifuged at 7,500 ϫ g for 10 min at 4°C, and resuspended to a final volume of 2.7 ml with fresh medium which lacked NO 3 . The chlorophyll (Chl) concentration of the sample was estimated from spectrophotometric measurements by using the following equation:
, where OD is optical density and subscripts indicate wavelengths in nanometers. These activities were measured at 30°C by using a Clarktype electrode (model 125/05; Instech Laboratories Inc., Horsham, Pa.) in a water-jacketed 3-ml stirred cuvette under heat-filtered illumination. O 2 evolution or O 2 consumption of each sample was measured in the presence of 10 mM NaHCO 3 and at a light intensity of 1,800 microeinsteins m Ϫ2 s Ϫ1 or in the dark. The rate of O 2 production was obtained by adding the rates of O 2 evolution in the light and O 2 consumption in the dark due to photorespiration. The rates of O 2 evolution and respiration are reported in micromoles of O 2 /milligram of Chl/hour.
RNA isolation and Northern blot analysis. Total RNA was extracted and purified, using phenol-chloroform extractions and CsCl gradient purification, as previously described (43), with several modifications to improve the efficiency of cell breakage. RNA was isolated from 500-ml samples every 1 to 2 h from cultures in mid-logarithmic phase (4 ϫ 10 6 to 8 ϫ 10 6 cells ml Ϫ1 ). One modification consisted of the inclusion of 425-to 600-m-diameter glass beads (Sigma Chemical, St. Louis, Mo.) during lysis. Glass beads were prepared by soaking overnight in sulfuric acid, rinsing 10 times each with distilled and nanopure water (Nanopure II, Barnstead, Dubuque, Iowa), autoclaving for 45 min, drying, and baking at 250°C overnight. RNase-free beads were distributed in 1.9-ml baked Eppendorf tubes. Optimum conditions for cell lysis were found to be heavy vortexing with chloroform for 5 min, followed by the addition of phenol and 10 min of heavy vortexing in the cold room.
Northern blots. Total RNA (5 to 15 g/lane) was fractionated by electrophoresis on a 1.2% agarose gel with 0.6 M formaldehyde as previously described (43, 46) . Gels were photographed by short-wave UV transillumination (300 nm) with a red filter, using black-and-white prints (Polaroid Film 667; Polaroid Corporation, Cambridge, Mass.) and with positive-negative film (Positive/Negative 4 ϫ 5 Instant Sheet Film Polaroid; Polaroid). The gels were soaked twice in 10ϫ SSC (1ϫ SSC is 150 mM NaCl plus 15 mM sodium citrate; Mallinckrodt Chemical, Paris, Ky.) for 10 min and transferred to nylon membranes as previously described (46) . RNA was fixed to the nylon membrane by baking at 80°C for 2 h in a vacuum oven.
The blots were hybridized with ␣-32 P-labeled DNA probes prepared by random primer labeling using either an Oligolabelling kit or a Ready-to-go kit (Pharmacia Biotech, Piscataway, N.J.). The optimum time for labeling was found to be 2 to 3 h at 37°C. Unincorporated radioisotope was removed by using Nick or Probe Quant G-50 columns (Pharmacia Biotech) for probes labeled with the Oligolabelling or Ready-to-go kit, respectively, as recommended by the manufacturer. Radioactive probes were boiled for 5 min and immediately put on ice for 5 min before addition to the hybridization solution. The amount of probe added to the hybridization solution was estimated to be 10 or 2 ng/ml for probes with a specific activity of 10 8 or 10 9 cpm/g, respectively. Generally, the specific activity for most of the probes was around 10 8 cpm/g; very few probes were labeled at levels as high as 10 9 cpm/g. Washes of the membranes were decided empirically depending on the expected homology of the radiolabeled DNA probe and the RNA message from Cyanothece sp. The standard wash protocol (with shaking) was (i) twice for 10 min each time with 2ϫ SSC-0.1% sodium dodecyl sulfate (SDS) at room temperature, (ii) twice for 10 min each time with 0.1ϫ SSC-0.1% SDS at room temperature, and (iii) twice for 10 min each time with 0.1ϫ SSC-0.1% SDS at 67°C. The resulting autoradiograms were scanned by using Adobe Photoshop 3.0. Blots were reused by removing the probe from the membranes. Filters were placed in 200 ml of 1ϫ TE buffer (10 mM Tris, 1 mM EDTA [pH 7.6]) plus 1% SDS and microwaved (Kenmore microwave; Sears Roebuck, Chicago, Ill.) at high power for 5 min. The solution was replaced with 200 ml of 1ϫ TE buffer, and the membrane was shaken for 30 min at 65°C. To determine the efficiency of removal of the probe, the filters were checked with a Geiger counter (model PUG1; Technical Associates, Caloga Park, Calif.) and exposed to film overnight. Generally, one treatment was enough to remove most of the probes, and the blots were prehybridized and reused up to four times.
DNA probes. The following heterologous probes were used (15): (i) a 1.8-kb fragment containing nifH and 700 bp of upstream DNA from Anabaena sp. strain PCC 7120 (plasmid pAn154 [35] ), (ii) a 0.8-kb EcoRI-KpnI fragment of nifD from Anabaena sp. strain PCC 7120 (plasmid pAn154 [29] ), and (iii) a 0.7-kb HindIII fragment of nifK from Anabaena sp. strain 7120 (plasmid pAn207.8 [34] ). A homologous probe (0.4-kb EcoRV-ApaI fragment) that corresponded to the 5Ј coding region of nifK, the nifDK intergenic region, and some of the region 3Ј of nifD (plasmid pMSC1B50) from Cyanothece sp. strain ATCC 51142 was used.
Western blot analysis. Whole-cell extracts were prepared as described previously (48) . Briefly, cell pellets were thawed on ice and resuspended in 10 ml of TG buffer (10 mM Tris-HCl [pH 8.0], 10% glycerol) containing 1 mM phenylmethylsulfonyl fluoride. The cell suspension was broken by two to three passages through a French pressure cell (SLM Aminco, SLM Instruments, Inc., Urbana, Ill.) at 20,000 lb/in 2 . Unbroken cells and debris were pelleted at 7,500 ϫ g for 10 min. The amount of protein was determined by using the Bradford reagent (0.1 mg of Coomassie blue G-250 [Bio-Rad, Hercules, Calif.] per ml, 5% ethanol, 8.5% phosphoric acid [Mallinckrodt] ) and bovine serum albumin (Sigma) as the standard (2) .
Protein samples (10 to 15 g/lane) were solubilized with 8ϫ sample buffer (10 ml of 0.5 M Tris [pH 6.8], 15 ml of 70% glycerol, 8 ml of 20% lithium dodecyl sulfate, 4 ml of ␤-mercaptoethanol, 4 ml of 0.1% bromphenol blue) at 70°C for 10 min and loaded into 10 to 20% lithium dodecyl sulfate (Gallard Schlesinger Chemical Mfg. Corp., Carle Place, N.Y.)-polyacrylamide gradient gels (28) . Electrophoresis was carried out at 6°C, 1.5 V, and constant power for 16 to 19 h in a Sturdier vertical slab gel unit (model SE 400; Hoefer Scientific Instruments, San Francisco, Calif.). After electrophoresis, the gels were equilibrated in transfer buffer {10 mM CAPS (3-[cyclohexylamino]-1-propanesulfonic acid; Sigma) (pH 11.0)} for 15 min. Proteins were transferred to nitrocellulose (Protran; Schleicher & Schuell, Keene, N.H.) membranes as previously described (56) . Transfer was done in a Transphor electrophoresis unit (Hoefer), using the CAPS buffer system (33) at 90 V for 45 min in a cold room. Filters were blocked with 5% bovine serum albumin for 1 h and incubated overnight with primary antibody in a rocker at 6°C. Electron microscopy (EM). Samples were prepared for immunolocalization by using a freeze-substitution technique that has been described previously (50) . In brief, the cells were embedded in a thin sheet of 1.5% agarose (Sigma type VII low-gelling-temperature agarose) and then plunged into liquid propane cooled to Ϫ185°C with liquid N 2 . The samples were transferred to vials of 100% ethanol precooled to Ϫ80°C, and the water was removed by substitution in ethanol over a 5-day period. The cells were infiltrated with Lowicryl HM-20, and the resin was polymerized under UV light at 4°C. Immunolocalization on ultrathin sections was performed with a 10-nm colloidal gold label. Thin sections were cut, stained with uranyl acetate and lead citrate, and examined with a Philips EM-400 electron microscope at an accelerating voltage of 80 kV. This technique preserved protein antigenicity and permitted the use of the same antibody concentrations as were used in the Western blot experiments (1:1,000 dilutions). The level of nitrogenase labeling was quantitated by using IP Spectrum (Signal Analytics, Vienna, Va.) on an Apple Macintosh Quadra 950 computer. The total area of the gold particles over the cells was normalized to the total cellular area and reported as percentage of cell area.
RESULTS
Temporal relationship between N 2 fixation, photosynthesis, and respiration in LD-and CL-grown cultures. Cyclic nitrogenase activity has previously been demonstrated in Cyanothece sp. cultures grown under LD or CL conditions (42, 48) . To determine the temporal relationship between N 2 fixation, O 2 evolution, and respiration, these metabolic activities were assayed simultaneously every 1 or 2 h during several consecutive days. Rhythms of N 2 fixation, photosynthesis, and respiration were observed for LD-and CL-grown cultures, as shown in Fig. 1 to 3 .
Under diurnal growth, nitrogenase activity was restricted to the dark period and peaked approximately 4 h into this phase (Fig. 1) . Maximum rates of respiration were detected just before or during the peak of N 2 fixation, and the maximum capacity of the cells to evolve O 2 during photosynthesis occurred 6 to 8 h into the light phase (L6 to L8). Therefore, the peak of photosynthesis is approximately 8 to 16 h out of phase with maximum nitrogenase activity, whereas the lowest capacity of the cells to evolve O 2 occurred during maximum nitrogenase activity. This cyclic behavior of nitrogenase was repeated approximately every 24 h for many days (48) .
This cyclic pattern was highly reproducible, although there were some minor fluctuations as to the exact time at which N 2 fixation and photosynthesis reached their peak activity. When samples were monitored every hour, nitrogenase activity peaked at either 3, 4, or 5 h into the dark phase (D3, D4, or D5) (data not shown). Nonetheless, the activity curve was always very sharp and went from a minimum to a maximum and back to the minimum within 8 h. As seen in Fig. 1 , the curves for photosynthesis and respiration activities were not nearly as sharp. Photosynthesis activity usually peaked at around L6 to L8 and began declining while cells were still illuminated. Respiration showed a minor peak during the light phase but reached a true maximum at the time of peak nitro- genase activity. The maximum rate of respiration of close to 200 mol of O 2 consumed/mg of Chl/h is extremely high for cyanobacteria (40, 47) .
Despite these slight fluctuations, the reproducibility over many experiments was extremely high. Figure 2 represents the means and the standard errors of the means for 27 different 24-h cycles for N 2 fixation and 10 each for photosynthesis and respiration. The analysis indicated that the data were consistent and highly reproducible and that on average, the maximum nitrogenase, photosynthesis, and respiration activities occurred at D4, L6, and D4, respectively (Fig. 2) .
A similar periodicity of these metabolic activities was observed in the CL cultures, as shown in Fig. 3 . The major difference between CL conditions (Fig. 3 ) and the patterns found under LD conditions (Fig. 1) was that the cycles were somewhat broader in CL conditions, a phenomenon that we ascribed to less synchronization (48) . Nitrogenase activity was rarely depressed totally, and the period from minimum through maximum to minimum was 16 to 20 h, although the peak-to-peak periodicity was generally 24 h. Respiratory activity was always significant and sometimes peaked slightly before or after the peak of nitrogenase activity. Photosynthesis was always high, varied within a narrower range than under LD growth conditions, and was again 8 to 16 h out of phase with nitrogenase activity. In general, these rhythms were seen to persist for many days (Fig. 3) . In summary, the peaks of N 2 fixation and photosynthesis were temporally separated in CL conditions, as in LD conditions, although O 2 evolution capacity was always high.
Transcriptional analysis of nif genes in LD-and CL-grown cultures. Northern blot analysis was used to determine the accumulation of nifH, nifD, and nifK transcripts throughout a 24-h period for samples obtained from LD-and CL-grown cultures. In initial experiments, transcripts corresponding to nifH, nifD, and nifK were detected by using gene-specific heterologous probes from Anabaena sp. strain PCC 7120 (Fig. 4) . The three genes in this operon gave similar results, and mRNAs for the genes were present only during the first 4 h of the dark period. The estimated sizes for the transcripts are shown in Fig. 4 and correspond closely to the appropriate sizes for these highly conserved genes (15, 16) . Although the size of the largest transcript differed somewhat in different gels, we will use 5.0 kb as our best estimate. The transcriptional pattern was consistent with an operon in which the genes are transcribed in the direction nifH, nifD, and nifK, which is similar to other cyanobacteria and bacteria (16) . The results may also suggest the presence of mRNA processing or RNA polymerase pausing which resulted in stable, gene-sized transcripts (e.g., 1.3 kb for nifH). These transcripts were stable enough to be detected, but we are uncertain if these smaller transcripts are functional in directing synthesis of the specific proteins.
The relative accumulation of transcript was studied in further detail by isolating RNA every hour throughout the dark phase. As shown in Fig. 4D , the level of mRNA throughout the dark phase was determined by using a homologous probe which corresponded to the nifK gene from the Cyanothece sp. strain ATCC 51142 nifHDK operon, which we have cloned and sequenced (4a). The mRNA levels peaked at D2, and transcription of the operon virtually ended by D5. These experiments were again highly reproducible and indicate that the levels of accumulation of nifHDK transcripts differ substantially throughout the 24-h cycle.
The hypothesis that these phenomena are under the control of a circadian oscillator gained credence with the experiment in Fig. 5 . In this experiment, RNA was extracted from cells grown under LD conditions every 2 h over a 2-day period and was hybridized to the homologous nifK probe. RNA samples were collected during an experiment in which the peak of nitrogenase activity occurred at D4 to D6. The net level of transcription of nifK reached a maximum at D4, then stopped, and resumed the next day at D4. Therefore, transcription follows a circadian pattern, and net nifHDK transcription was shut down almost 20 h each day.
All of the foregoing results were paralleled by those of experiments done with cells grown under CL conditions (Fig.  5B) . Once again, net accumulation of the nifHDK transcripts occurred almost exclusively in the subjective-dark phase (CL14 to CL20), and the phenomenon repeated each subjective night over a 2-day period (Fig. 5B) . A difference was that, similar to the physiology, the curve for this phenomenon was less sharp and net transcription was at significant levels for approximately 8 h. On both days, the net level of nifHDK mRNA was low or negligible during the subjective-light phase (CL0 to CL10). Taken together, these results indicated significant transcriptional modulation of the nifHDK operon under both LD and CL growth conditions.
Analysis of nitrogenase levels in LD-and CL-grown cultures. To determine if the levels of the nitrogenase proteins (the Fe-protein and the MoFe-protein) remained constant throughout a 24-h period, whole-cell extracts were made from samples collected every 2 h and analyzed via Western blotting with appropriate antibody. Immunoreactive bands corresponding to the NifH (Fe-protein) and NifDK (MoFe-protein) proteins were detected by using antisera from Rhodospirillum rubrum (Fig. 6 ). For cells grown under LD conditions (Fig.  6A) , the levels of both proteins were low at the beginning of the dark phase, increased to a maximum at approximately D6, and decreased to virtually zero by early in the light phase. A similar level of accumulation was obtained for NifH in both LD and CL samples (compare Fig. 6A and B) . On the contrary, the accumulation of the NifDK proteins differed for cultures grown under either LD or CL conditions. In LD-grown cells, NifDK declined in a fashion similar to that of NifH. However, in extracts from CL-grown cells, NifDK never completely disappeared and remained at lower but significant levels throughout the 24-h cycle.
The temporal accumulation of NifH and NifDK proteins was also analyzed by EM immunocytochemistry using freezesubstituted cells. The synthesis and degradation of nitrogenase were graphically depicted by this technique, as indicated in Fig.  7 . This experiment used the NifH antibody, although virtually identical results were obtained with the NifDK antibody. It was evident that very little NifH was present at D0 and that there was a significant increase in the level of NifH by D2. The amount of protein increased through D4 and D6, with the enzyme present throughout the cytoplasm and around the carbohydrate granules. Based on the EM and additional biochemistry results (47b), we do not believe that the nitrogenase is located in any compartment but rather that it is free in the cytoplasm. As depicted in Fig. 7 , a major change took place in the accumulation of the NifH protein between D6 and D9. By D9, the amount of Fe-protein present was extremely low, suggesting rapid degradation of the protein during the D6 to D9 time period. The amount of nitrogenase remained at a low, basal level throughout the dark period, as shown for L9 in Fig.  7 .
The quantitation for both NifH and NifDK antibodies can be seen in Fig. 8 . It is clear that either nitrogenase subunit goes from a very low level to a peak within the first 4 h in the dark and then declines rapidly after D6. Similar to what was seen in the Western blots, the NifH declines more rapidly to a lower level, whereas NifDK continues at some modest level throughout the diurnal cycle. These results, obtained by using both Western blotting and EM immunocytochemistry, represented strong evidence for a periodic proteolysis of nitrogenase in Cyanothece sp. strain ATCC 51142.
DISCUSSION
The results presented above document the role of transcription and proteolysis in the metabolic activities of Cyanothece sp. strain ATCC 51142 during diazotrophic growth under either LD or CL conditions. The nitrogenase enzyme, encoded by the nifHDK operon, is under very tight control, with net transcriptional accumulation restricted to approximately 4 to 6 h in LD cells or approximately 8 h in CL cultures. Under either light regimen, the accumulation of nitrogenase transcripts peaked early in the dark or the subjective-dark period and began to decline soon thereafter. The similarity in transcriptional patterns between the two growth conditions suggested that accumulation of nitrogenase mRNA is not directly regulated by light.
The fate of nitrogenase after the peak of activity was most interesting. The quantity of enzyme declined from a peak to a minimum within a few hours in LD cultures, a conclusion verified by both Western blotting and EM immunocytochemistry. Typically, protein degradation was less well synchronized in CL cultures, and it took a few hours longer before all of the NifH protein was destroyed. However, our results indicated that the NifDK protein remained at substantial levels throughout the 24-h period in CL cultures. As indicated in Fig. 5B , there was some low level of transcription of nifK in the subjective-light period. However, there was a similar level of transcription of the nifH gene, and the NifH protein has virtually disappeared by CL6. Thus, it would appear that most of the difference between NifDK and NifH is that NifDK is not degraded completely under CL conditions.
The fact that the metabolic cycles for N 2 fixation, photosynthesis, and respiration occurred in both LD and CL cultures strongly suggested that the regulation is based on an underlying circadian oscillator. In other studies, we have shown that these rhythms meet all of the criteria for circadian rhythms, including temperature compensation, and we concluded that the metabolic oscillations represent true circadian rhythms (47a). This phenomenon was first identified in the diazotrophic cyanobacterium Synechococcus sp. strain RF1 (22, 23) . More recently, such circadian rhythms have been demonstrated in Synechococcus sp. strain PCC 7942, a unicellular, nondiazotrophic cyanobacterium (24) . By fusing an upstream regulatory region of the psbA gene to a luciferase reporter gene (26) , the transcription of psbA was shown to be controlled by a circadian rhythm in Synechococcus sp. strain PCC 7942. Circadian rhythm mutants of this organism have now been isolated (27) , and it was demonstrated that the circadian clock controls gene expression, even in cells doubling more rapidly than once every 24 h (24, 38) .
Respiration has an important role in diazotrophy in Cyanothece sp. strain ATCC 51142. Respiration may provide a source of ATP for N 2 fixation, and there was a substantial peak of respiratory activity near the peak of nitrogenase activity. Under both LD and CL growth conditions, respiration is very robust, with maximal rates approximating 200 mol of O 2 /mg of Chl/h, which is extremely high for cyanobacteria (40, 47) . The peak of respiration correlated well with the decline in the glycogen granules, which are likely to be the stored substrate for respiration (48) . It is also likely that respiration plays a role in scavenging free O 2 in the cytoplasm, thereby preventing oxidative damage to the nitrogenase proteins. Since photosynthetic O 2 evolution declines to a minimum at about the same time, it is logical to assume that the decrease in intracellular O 2 concentration is one strategy used by Cyanothece sp. to protect nitrogenase from oxidative damage. We have also shown that maximal nitrogenase activity can take place in the absence of photosynthesis (34a), thus supporting the idea that respiration can provide the energy and reductant needed for N 2 fixation.
Most of the studies of posttranslational modification concerning the nitrogenase enzyme have focused on the Fe-protein. Degradation of the Fe-protein upon illumination has been suggested in studies performed with Gloeothece sp., Synechococcus sp. strain RF1, and Trichodesmium sp. (3, 4, 61) . In (17) . Posttranslational modification of the Fe-protein has also been found in Anabaena sp. (6, 7) , where it has been demonstrated that it is not ADP-ribosylated as in R. rubrum (30, 31) . Attempts to detect the enzymes responsible for ADPribosylation (e.g., DRAG and DRAT) with the appropriate antibodies using whole-cell extracts of LD-grown Cyanothece sp. strain ATCC 51142 have been unsuccessful (4a). Targeted proteolytic degradation of the nitrogenase subunits may be possible, since ubiquitin and ubiquitinated Fe-protein have been detected in Anabaena sp. (6) . Recently, it was reported that both the modified and unmodified forms of the Fe-protein were proteolytically degraded as a consequence of O 2 concentration and ATP depletion (7) . Posttranslational regulation of the MoFe-protein has not been studied in as much detail as the process for the Fe-protein.
This work has described the nature of temporal separation of N 2 fixation and photosynthesis in a unicellular, diazotrophic cyanobacterium. This seems to be the strategy used by unicellular cyanobacteria such as Synechococcus sp. strain RF1, Synechococcus sp. strain Miami BG 43511, and Gloeothece sp., as well as nonheterocystous, filamentous cyanobacteria such as Plectonema sp. and Oscillatoria sp. (36, 39, 41, 45, 52, 53) . We suggest that high rates of respiration and decreased photosynthesis at D4 generate an intracellular O 2 concentration low enough for N 2 fixation. After this time, a decrease in respiration permits the intracellular O 2 concentration to rise, leading to oxidative damage of the subunits and subsequent degradation. Thus, Cyanothece sp. strain ATCC 51142 utilizes a rather expensive, but safe, approach to O 2 protection of nitrogenase-the enzyme is synthesized de novo and degraded each day by an underlying mechanism that is under the control of a circadian oscillator.
